Flexibility in biological systems is seen as an important driver of macro-ecosystem function and stability. Spatially constrained endosymbiotic settings, however, are less studied, although environmental thresholds of symbiotic corals are linked to the function of their endosymbiotic dinoflagellate communities. Symbiotic flexibility is a hypothesized mechanism that corals may exploit to adapt to climate change. This study explores the flexibility of the coral-Symbiodinium symbiosis through quantification of Symbiodinium ITS2 sequence assemblages in a range of coral species and genera. Sequence assemblages are expressed as an index of flexibility incorporating phylogenetic divergence and relative abundance of Symbiodinium sequences recovered from the host. This comparative analysis reveals profound differences in the flexibility of corals for Symbiodinium, thereby classifying corals as generalists or specifists. Generalists such as Acropora and Pocillopora exhibit high intra-and inter-species flexibility in their Symbiodinium assemblages and are some of the most environmentally sensitive corals. Conversely, specifists such as massive Porites colonies exhibit low flexibility, harbour taxonomically narrow Symbiodinium assemblages, and are environmentally resistant corals. Collectively, these findings challenge the paradigm that symbiotic flexibility enhances holobiont resilience. This underscores the need for a deeper examination of the extent and duration of the functional benefits associated with endosymbiotic diversity and flexibility under environmental stress.
INTRODUCTION
Variety in endosymbiotic communities provides a setting for interactions between endosymbionts within and among cells that have the potential to influence processes among host cells in both positive and negative directions. The paradigm that flexibility in the form of functional diversity equates to resilience, stability, greater functional range and adaptive potential is heavily grounded in ecological studies [1] [2] [3] , but has yet to be investigated in detail at both the functional and the genetic level in endosymbioses. Endosymbiotic communities represent extreme examples of such scenarios, with hosts (usually macro-eukaryotes) housing communities of micro-organisms (micro-eukaryotes or bacteria) within the boundaries of their own cell membranes and tissues. The implications of flexibility in spatially constrained, densely populated environments may be particularly profound in driving the structure and function of the community [3] . Cnidarian-dinoflagellate symbioses are provocative subjects for such an investigation because they are taxonomically complex associations, whose stability and functional integrity underpins the persistence of corals and coral reef ecosystems through time.
Coral reefs are often described as sentinel ecosystems for their sensitivity to climate change stressors such as increasing seawater temperatures and ocean acidification as well as local impacts of anthropogenic activities [4, 5] . The sensitivity of reef-building corals to these stressors is driven, to a large degree, by physiological constraints imposed by their unions with endosymbiotic dinoflagellates in the genus Symbiodinium [6 -8] . The genus Symbiodinium is classified into nine major taxonomic lineages (A -I; [9] ) that each contain multiple types. Symbiodinium clades and within-clade types exhibit patterns of association with specific coral taxa, and patterns in the distribution of Symbiodinium types across space and environment indicate differences in their physiological thresholds within the genus [10, 11] . Indeed, shifts in the taxonomic composition of the communities of endosymbiotic dinoflagellates harboured by reef-building corals have been implicated as one mechanism that might confer resistance through tolerance, or resilience through adaptation, to changes in the environment [12] .
The identification of functional differences in Symbiodinium physiology prompted the introduction of the adaptive bleaching hypothesis (ABH, [12] ), which states that 'bleaching provides an opportunity for the host to be repopulated with a different type of partner; frequent stress tends to favour a stress-resistant combination'. It has been further posited that this could be achieved by switching the existing symbiotic community for a new and better-adapted type, or by shuffling the relative proportions of the existing types within the community, increasing the abundance of previously cryptic types better adapted to the stress event [13] . Recent research has emphasized the importance of Symbiodinium shuffling in withstanding changes in global climate, such as temperature-induced bleaching [14, 15] . While it has been suggested that the flexibility in Symbiodinium -coral interactions is largely beneficial [13] through improved holobiont thermal resistance [14] , there are indications that this may not be the case for all species or temporal scales [7, 8, 16] .
Much of the work characterizing Symbiodinium has focused on dominant Symbiodinium types in hosts, or those that are readily cultured from a host. As a result, the general perception has been that only a few corals are capable of hosting multiple Symbiodinium types, and that corals generally exhibit low endosymbiotic flexibility [17] . However, in recent years and with the application of more sensitive and more inclusive molecular approaches, our understanding of the complexity of cnidarian-Symbiodinium symbiosis has grown significantly [9] , and many corals have been identified as hosting multiple types of Symbiodinium [18] . Furthermore, in some coral species, the Symbiodinium communities are now known to vary widely over space and time [19, 20] . To date, however, symbiotic flexibility has not been quantitatively compared in a broad range of coral taxa, and the ecological performance of corals has never been linked to the levels of endosymbiotic flexibility of the host.
The goals of this study were to characterize, quantify and compare the flexibility of a range of coral taxa for Symbiodinium and map this trait onto the ecological resilience and biological attributes of the coral host documented in the literature. Flexibility here is defined as the ability to have a varied Symbiodinium sequence assemblage, or sequence community. Importantly, our study uses a comparative approach among samples and taxa, by assessing differences in Symbiodinium sequence assemblages among coral species. These data provide the capacity to link patterns in the Symbiodinium sequence assemblages that represent the endosymbiotic flexibility in corals, with the documented physiological susceptibility of coral holobionts.
MATERIAL AND METHODS
(a) Sample processing Corals samples were collected from fringing reef, lagoon reef or forereef habitats around the island of Moorea (figure 1; 1-24 m; electronic supplementary material, tables S1 and S2). DNA was extracted from coral fragments using the Qiagen DNA Easy kit (Qiagen, CA). Following extraction, polymerase chain reaction (PCR) amplification of the nuclear ribosomal partial 5.8S, internal transcribed spacer 2 (ITS2) and partial 28S rDNA regions was carried out using the ITS-DINO forward primer [21] and ITS2rev2 reverse primer [22] . To minimize cross hybridization of the primers with the coral host, touchdown PCR thermocycling conditions (25 ml) were used as follows: (i) 958C for 10 min; (ii) 25 cycles 948C for 30 s, 658C for 30 s (decreasing the annealing temperature 0.58C for every cycle after cycle 1) and 728C for 1 min; (iii) 14 cycles of 948C for 30 s, 528C for 30 s and 728C for 1 min; and (iv) final extension of 728C for 10 min. PCR products were purified using the QIAquick PCR Purification Kit, ligated into pGEM-T Easy vector and transformed using a-select gold efficiency competent cells. Clone libraries were grown overnight on selective LB agar plates containing ampicillin, IPTG (isopropyl-b-Dthiogalactopyranoside, Fermentas, MD) and XGAL. Positive inserts were identified via PCR screening with M13 primers, purified with exonuclease I in shrimp alkaline phosphatase and sequenced on an automated sequencer (BigDye Terminator chemistry) with a target of 10 sequences per sample.
(b) DNA sequence alignment and analysis Alignment and inspection of raw sequences were completed using SEQUENCHER v. 4.7 and BIOEDIT v. 5.0.9 [23] . Sequences with single polymorphisms were included only in the downstream analysis if recovered from three or more independent clone libraries (host samples). Symbiodinium sequences with single polymorphisms found in less than three clone libraries were likely due to PCR error, and were converted to the closest sequence in the dataset that occurred greater than three times [11] . Sequences with novel identities as assessed by BLAST results from GenBank were given a new alpha-numeric identifier (sensu [11] ), based on the distance from the closest previously documented haplotype (e.g. C15 variant ¼ C15.x). All sequences are available in GenBank under the accession numbers HE578975-HE579042 (table 1) .
(c) Statistical analysis To determine coverage of the clone libraries, and to test for equal coverage across host taxa, coverage estimates were determined following Stat et al. [34] , and coverage values were tested with one-way ANOVA among host genera. To compare Symbiodinium sequence assemblages among coral taxa, relative abundance data were square root-transformed, and a Bray -Curtis similarity coefficient [35] was calculated for all samples, ranging from 0 (indicating dissimilarity) to 100 (indicating identical assemblages). Analysis of similarity (ANOSIM) of the Bray -Curtis coefficients was carried out using PRIMER v. 6.0 [36, 37] , and the two-dimensional ordination of the samples was represented with non-metric multi-dimensional scaling (MDS), or a spatial representation of the relative similarities between Symbiodinium sequence assemblages of coral samples. ANOSIM was used to test the hypotheses that there were no differences in the Symbiodinium sequence assemblages among species or genera.
To describe the Symbiodinium sequence assemblage for each sample, we included both genetic distance and frequency of symbiont occurrence in a single metric, or an index of flexibility (Fl ). This index was calculated based on a modification of parasites' specificity for their hosts from parasitological research [38, 39] . The index values range from 0 to 1, where larger values indicate greater flexibility in the coral and the presence of a variety of Symbiodinium sequences that are genetically dissimilar, and lower values indicate lower flexibility in the coral and the presence of one or a few Symbiodinium sequences that are genetically similar. The index is described by the following equation:
In this equation, v ij is equal to the uncorrected pairwise genetic distance between Symbiodinium sequences; p i is equal to the relative abundance of the first Symbiodinium haplotype; p j is equal to the relative abundance of the second Symbiodinium haplotype. The product of v(p i p j ) are summed across haplotypes i ¼ 1 . . . n, and j ¼ 1 . . . n (i.e. across all possible pairs of Symbiodinium haplotypes within a sample), normalized to the sum of the product of the relative abundance of each pair of haplotypes (p i p j ). For within-clade comparisons, uncorrected pairwise genetic distances of the ITS2 region were calculated using MEGA v. 4.0 [40] . Within-clade alignments were based on all non-redundant ITS2 A1, C1 and D1 sequence hits using the Symbiodinium database, SYM-BLAST (http://131.204.120.103/srsantos/symbiodinium/blast/ blast_cs.html), in addition to the existing alignments from the current study. Alignments were created using CLUSTALW [41] as well as further manual alignment, and resulted in alignment of 101, 431 and 53 sequences for clades A, C and D, respectively. Therefore, genetic distances used for the index of flexibility calculations span the range of genetic distance documented within each Symbiodinium clade, and scale the genetic distance of our sequences to appropriate within-clade divergence. Similarly, average uncorrected pairwise genetic distance was calculated for the nine clades of Symbiodinium (A-I, [9] ) based on the sequences of a portion of the relatively conserved nuclear ribosomal array (nr28S sequences, D1-D3 region, using the program MEGA v. 4.0 [40] . As the variation in ITS2 sequences between clades is too great for accurate alignment of sequences of all clades, and owing to the differences between markers (ITS2 versus nr28S), the specificity values are calculated separately within a clade (W ) and among clades (A), and summed. Flexibility of the host for its Symbiodinium sequences was calculated for each coral sample. To statistically group coral genera in terms of their flexibility, the Gower % similarity distance measure [42] was used on the column-standardized values of flexibility. Flexibility groupings were calculated by UPGMA clustering [43] of the % similarity matrix among taxa in PRIMER v. 6.0 [36, 37] .
RESULTS
In total, 1240 Symbiodinium ITS2 sequences were recovered from 132 samples representing 34 species, 14 genera and seven families of coral (see the electronic supplementary material, table S1). All 1240 ITS2 sequences were used to report Symbiodinium clade by host ( figure 2 ).
Owing to the very low number of sequences recovered from samples of Montastrea curta, this species was excluded from downstream analyses. The average number of sequences recovered from the remaining 128 host samples was 9.6, and a total of 1223 sequences were used in similarity and flexibility calculations and statistical analyses. Coverage of the clone libraries at the level of genus ranged from approximately 54 to 75 per cent and did not differ among genera (F 12,115 ¼ 1.01, p . 0.05). BLAST identity grouped the sequences into 68 different groups, representing 4, 7 and 57 Symbiodinium sequences from clades A, D and C, respectively (table 1  and electronic supplementary material, table S1 ). These included several commonly reported types (A1, A3, D1, D1a, C15, C45, C1, C1b, C3, C21), in addition to a number of novel ITS2 sequences (table 1) . Ninety per cent of the corals sampled hosted one clade of Symbiodinium (n ¼ 101 for C, 11 for D and 7 for A), 9 per cent hosted two (n ¼ 9 for CD, 2 for AC and 1 for AD) and 1 per cent hosted three (n ¼ 1 for ACD; see electronic supplementary material, table S1 for details). The similarities of Symbiodinium sequence assemblages among coral samples were assessed via calculation of Bray -Curtis similarity coefficients. MDS of the similarity coefficients showed separation in the Symbiodinium sequence assemblages among host taxa ( figure 3 and electronic supplementary material, figure S1 ). ANOSIM of The diversity and genetic divergence of ITS2 sequence assemblages was collapsed into a single metric (index of flexibility) for the 128 coral samples. The distribution of values of flexibility, ranged from 0 to 0.2197, reflecting corals that were only host to a single type (i.e. 0), and those hosting multiple distantly related types of Symbiodinium from the most distantly related clades (i.e. 0.2197), respectively. Overall, seven coral samples hosted one sequence, and 121 corals hosted multiple sequences (see the electronic supplementary material, table S1). Acropora, Leptastrea, Leptoseris, Montipora, Pavona and Pocillopora had the highest values and variance, exhibiting the greatest flexibility with respect to Symbiodinium (figure 4). The high flexibility values for Acropora were driven by six corals each with large values, whereas the high flexibility in Montipora was driven by intersample variance in the presence of a single, but different, clade (A or C; figure 4 and electronic supplementary material, table S1). Cyphastrea, Fungia, Gardineroseris, Herpolitha, Porites and Psammocora had consistently low intersample variance and low flexibility values (figure 4). The patterns of low and high flexibility were supported with UPGMA clustering of percentage similarity in flexibility among genera. The corals clustered into two groups that were less than 26 per cent similar between groups and more than 78 per cent similar within a group. The high flexibility group (i.e. generalists) consisted of Acropora, Leptastrea, Leptoseris, Montipora, Pavona and Pocillopora, and the low flexibility group (i.e. specifists) consisted of Cyphastrea, Fungia, Gardineroseris, Herpolitha, Porites, Pachyseris and Psammocora (see the electronic supplementary material, figure S2 ).
DISCUSSION
Our results demonstrate a large difference in composition of endosymbiotic communities hosted by scleractinian corals from Moorea. Quantitative examination of the flexibility of scleractinian hosts for Symbiodinium sequence assemblages identified two groups of coral genera that can be classified as endosymbiotic 'generalists' (high flexibility) and 'specifists' (low flexibility; figure 4 and electronic supplementary material, figure  S2) . Notably, the differences in the patterns of ITS2 sequence data, we report here are consistent with results previously published in Stat et al. [11] , who examined Symbiodinium sequence assemblages in a range of coral hosts from Johnston Atoll using the ITS2 and the low copy chloroplast 23S in parallel. Here, we use ITS2 sequence assemblages as tools to describe and compare the Symbiodinium communities in corals. Reflecting the known interpretational complexity of this multi-copy nature and intragenomically variable marker [34] , we make no inference regarding the relationship between the number of sequence types present in the ITS2 assemblages and the number of independent biological entities in the Symbiodinium communities in these corals. Further, the differences detected using the sequence assemblage approach are also evident when only previously described dominant ITS2 types are examined, or identified to the clade level in our study, as well as within the broader literature ( [44] ; electronic supplementary material, figure S3 ). Specifically in our study, Acropora and Pocillopora are symbiotically flexible and host five previously described dominant Symbiodinium types from three different clades, while massive Porites colonies hosts a single type (C15) from a single clade.
To explore the potential functional implications of these very different symbiotic strategies (flexibility versus specificity), and to exploit the comparative opportunity afforded by these groupings, we examined the literature and evaluated other biological traits that associate with generalist and specifist coral hosts, with the goal of assessing the potential physiological and ecological implications of symbiotic generalists versus symbiotic specifists (table 2 and references therein). Generalist corals that are flexible with respect to Symbiodinium exhibit very different biological attributes when compared with corals that are specifists, or inflexible (table 2) . Most surprising among these is the stark difference in environmental sensitivity. Many of the corals that exhibit high symbiotic flexibility (generalists), such as the acroporids and pocilloporids are stress sensitive and often described as ecological 'losers' [61] . In contrast, coral species with high symbiotic specificity (i.e. high fidelity with respect to Symbiodinium) such as massive environmentally resilient poritids are ecological 'winners' [62, 63, 69, 70] .
The identification of the ecological pattern of endosymbiotic flexibility and stress susceptibility identified in tropical corals in our study conflicts with the broadly accepted idea that endosymbiotic flexibility enhances resilience in tropical reef coral-Symbiodinium symbiosis [12] . For example, ecological surveys of the bleaching severity of the corals of Moorea following the 1994 mass-bleaching event revealed that the per cent bleaching was highest in Acropora (approx. 90-100%) followed by Pocillopora (approx. 70-90%), Montipora (approx. 20-50%) and Porites (approx. 13-43%; [69] ). Furthermore, the 'winning' and 'losing' taxa are relatively similar biogeographically [61, 62] with the generalists Acropora and Pocillopora showing a higher propensity to bleach, and higher mortality than the specifists such as Porites [63] . This pattern also holds for the stress of ocean acidification [64] , where there is a decrease in the diversity and complexity of the reef through the loss of Acropora and Pocillopora at low pH, and an increase in the relative abundance and dominance of massive Porites. Indeed, the higher symbiotic flexibility of the generalist species does not appear to be reflected in a holobiont function that is ecologically beneficial under challenging environmental conditions. Support for the benefits of fidelity in symbiotic assemblages is also paralleled in temperate symbioses, where low diversity of vertically transmitted Symbiodinium appears to promote stability in cnidarian-dinoflagellate symbiosis [71] . For example, anemones exposed to varying irradiances host genetically similar Symbiodinium and are ecologically stable, a trait likely maintained via maternal inheritance of genetically similar symbionts [72] . A number of other interesting features emerge from our data. For example, the composition of the endosymbiotic communities in the generalists Acropora and Pocillopora varies widely among individuals within and among species in these genera at the single sampling interval represented in our study (figure 4). Furthermore, this pattern is manifest in the broader literature where spatial and temporal variability in symbiotic flexibility in generalists is commonly reported. For example, the Symbiodinium type hosted by the pocilloporid Seriatopora hystrix varies among colonies within a single reef (2-27 m at Yonge Reef) and between two reef sites on the GBR (Yonge and Day Reefs; [20] ). Likewise, temporal flexibility is common in Acropora, where an ontogenetic shift occurs from clade A at 10 days old, to clades A, C and D in 83-day-old juveniles, a distribution also found in adult Acropora longicyathus [19] . Generalists corals such as acroporids and pocilloporids are some of the most ubiquitous and speciose reef-building corals in the Pacific [73] . They are characterized by branching morphologies that are plastic with respect to the environment. These genera exhibit high recruitment and rapid growth following disturbances [74] , attributes that frame their description as weedy species. Generalist corals also show intraspecific and intergeneric variability in their feeding strategies (autotrophy and heterotrophy), and they acquire Symbiodinium using both vertical and horizontal transmission strategies [56] . The highly flexible acroporids and pocilloporids are generally dominated by clade C Symbiodinium but also host clades A and D. The within-clade ITS2 types found in generalist corals are often found in symbiosis with a broad range of hosts and are, for the most part, basal members of their respective clades (A1, C1, C3 and D1). These are the Symbiodinium types often described as generalist [13, 27] and opportunistic [16, 75] . The broad biological flexibility and capacity of generalist corals to interact with a wide range of Symbiodinium types is clearly advantageous under stable conditions. However, under prolonged environmental stress, the promiscuity and symbiotic entrepreneurialism of flexible hosts may drive competitive interactions within the symbiosis that destabilize and impair the overall functional of the symbiotic interactions. Such a transition is likely to have dire fitness consequences for the coral host.
At the other end of the endosymbiotic flexibility spectrum are the specifist coral genera exemplified by Porites; corals that display high inter-and intra-specific fidelity in their symbiotic partnerships in our study (figure 4), as well as over space and time in other studies [32, 76] . For example, massive Porites colonies associate with Symbiodinium C15 from depths of 1-17 m across the GBR, and in corals collected in Japan [77] , Johnston Atoll [11] and American Samoa [32] . Massive Porites is exemplified by a greater stability and persistence over time and under stressful conditions [32, 57, 61, 76] , traits attributed to slow growth [57] , thick tissues/high tissue biomass [61, 63] and thermally tolerant Symbiodinium C15 [78, 79] . Characteristics of specifist corals such as Porites include symbiosis with endosymbionts such as Symbiodinium C15, which is commonly transmitted vertically across generations in the host [56] , a mechanism that promotes coevolution and integration with the host, and is one of the most highly derived members of the most derived clade C [9, 80] . This high fidelity symbiosis results in a tight integration between a specifist coral and a symbiont, that leads to success under both stable and stressful environments, with fidelity promoting spatial and temporal stability of the holobiont and positive fitness benefits.
The profound differences in the symbiotic flexibility in corals on a reef, and the associations between symbiotic flexibility and coral environmental sensitivity raise fundamental questions that pertain to differences in interaction states in the coral-Symbiodinium endosymbiosis (i.e. mutualism versus parasitism). As reviewed by Thompson [81] , high partner fidelity driven by few symbiotic options, and tight vertical transmission favours the evolution of reduced antagonism, or mutualism in symbioses, thereby increasing persistence of intimate and long-term mutualisms. This is clearly exemplified in the potentially obligate mutualism of massive Porites-Symbiodinium C15. Symbiodinium C15 is highly derived [80] , unlikely to be free-living [28] and has not, to date, been successfully cultured [82] , all evidence in support of an obligate mutualism. In stark contrast is the flexibility of generalist coral-Symbiodinium associations, and the opportunistic nature of these symbioses. Acropora, for example, is characterized by high symbiont flexibility [18, 83] and horizontal symbiont transmission/acquisition [56, 83] , and therefore is exposed to a variety of free-living Symbiodinium options [28] , many of which are currently in culture. Despite the short-term benefits to thermotolerance due to acquisition or shuffling [84] [85] [86] , ecologically these holobionts are linked with reduced fitness and higher mortality under stressful conditions. Together, this suggests that the flexible symbioses lean towards relationships on the less beneficial end of the spectrum [16, 75] . Here, we have highlighted two extremes, a specifist (massive Porites sp.) and a generalist (Acropora sp.). These represent some of the most important and abundant taxa on modern reefs and exhibit differences in their environmental sensitivity, making them major drivers of reef community composition. The ability to detect the range and flexibility of Symbiodinium sequences present within a host sample and quantify the flexibility of the host through studies such as ours, allows for the discovery of such links between endosymbiotic flexibility and environmental sensitivity. This results in the ability to generate new testable hypotheses for predictions of the stability of a range of Symbiodinium -holobiont combinations under various environmental stressors, particularly in a changing global climate.
The examination of coral-Symbiodinium interactions has expanded our understanding of diversity in Symbiodinium from one [87] to many [9, 88, 89] , and from functional equality [87] to inequality [6, 16, 90] . Here, we link symbiotic stability to holobiont resistance, and symbiotic flexibility to holobiont sensitivity (table 2). The identification of symbiotic flexibility has promoted the hypothesis that there is potential for 'adaptation' of corals to environmental stress via the acquisition of new or shuffling of existing populations of Symbiodinium (sensu the ABH [12, 13] ). The rate at which natural selection can occur to produce a more tolerant holobiont, however, may be outpaced by the rapid rate of change in environmental conditions related to anthropogenic global warming and ocean acidification, and the increasing frequency of these stress events. Additionally, the outcome of this flexibility in acquisition, or ability to shuffle, may not always be beneficial to the holobiont (e.g. declines in growth and energy acquisition; [7, 16, 91] ). Notably, the long-term benefits of this flexibility in symbiosis are unknown, as research to date has focused on short-term tolerance (less than or equal to one to two bleaching events), and implications across longer temporal scales have not been explored. It is likely that the reefs of tomorrow will be shaped by the resilient and resistant coral-Symbiodinium assemblages of today, which are dominated by those specifist coral genera associated with fidelity in their symbiotic unions (e.g. massive Porites sp.). A further examination of generalist and specifist Symbiodiniumcoral unions is necessary to determine the range of benefits or costs to the holobiont associated with characteristics such as immune response, photosynthate production and release, symbiont population control and calcification. This information will improve our ability to determine the consequences of flexibility or specificity in the coralSymbiodinium symbiosis in a future of environmental uncertainty and dire predictions for the maintenance of reef-building coral ecosystems.
